Abstract A bridge arm prototype of ITER poloidal field (PF) converter modules has been designed and fabricated. Non-cophase counter parallel connection is chosen as the arm structure of the prototype. Among all factors affecting current sharing, arm structure is the main one. During the design of the arm prototype, a novel method based on inductance matrixes is employed to improve the current sharing of the bridge arm. The test results on the prototype show that the current sharing performance of the arm prototype is much better than relevant design requirement, and that the matrix method is very effective to analyze and solve the current sharing problems of thyristor converters.
Introduction
According to the design description document of the ITER coil power supply system, the poloidal field converter unit (PFCU) is designed to supply controlled current and/or voltage to the PF superconducting coil. Fig. 1 shows the simplified circuit scheme of a PFCU. The converter module is composed of four 6-pulse converter bridges and designed for 4-quadrant 12-pulse operation, which is rated at 55 kA and 1.05 kV [1, 2] . Generally, thyristors in parallel are used to carry the huge operation current of converter bridges. Dual inverse-star connection and cophase counter parallel connection both perform well in high current conversion. These two structures can decrease circuit reactance and improve conversion efficiency because of their special connections. However, these structures are dangerous for conversion systems with a rated voltage as high as 1.05 kV. Additionally, the connections of their electrical circuits and cooling water system, as well as the rectifier transformer structure are complicated. As a result, the safety and reliability of the PFCU decrease while the cost increase [3, 4] . On the contrary, non-cophase counter parallel connection is a suitable choice for PF converter bridges and has many advantages over the above connections [5, 6] . As a result of analysis and calculation, ABB 5STP 52U5200 with the parallel number of 12 is chosen as the thyristor used in the arm prototype, and non-cophase counter parallel connection is adopted as the arm structure. In the bridge arm, the current sharing of bridge arm worsens with the increase of parallel number. According to the calculation and simulation on an original model of the bridge arm, the maximum current unbalance factor is 1.61, much larger than that specified by the design requirements of PFCU (K unb ≤ 1.4). Ordinary structures of non-cophase counter parallel connection cannot meet the current sharing requirement of ITER PF converter bridges. A new structure must be developed on the basis of the original model. As for factor (e), it can be solved by strict manufacturing control. These solutions are easy to apply and are adopted widely in engineering applications. Although structure is a main factor influencing the current sharing of the bridge arm, the reason and solution are seldom discussed in detail.
The analysis of arm structure is based on inductance matrixes of bridge segments and parallel branches. CAD model of the original structure of the bridge arm and its equivalent circuit are shown in Fig. 2 . The arm is divided into 12 busbar segments ("S" for short) and 12 parallel branches ("B" for short), which are named respectively.
Supposing the current flows into S7 and flows out of S6, as shown in Fig. 2 , the current will be divided into 12 components when it flows through parallel branches. Obviously, the currents in busbar segments may be different. On the assumption that parallel branches have equal currents, the current of a single branch is 1/12 of the total current. The current of segment S1 is 1/6 of the total current. In a similar way, it can be obtained that i S2 = 2i S1 , i S3 = 3i S1 , i S4 = 4i S1 , i S5 = 5i S1 and i S6 = 6i S1 . Currents of S7∼S12 have similar relationship as that of S1∼S6. 12 circuits can be named as shown in Fig. 2(b) , in which one parallel branch belongs to each circuit and the circuit is named following that of the branch. The flux linkages of circuits C1 and C3 are shown in Eqs. (1) and (2) [8] below, for example.
where
In the analysis here, the resistances of segments and branches are ignored temporarily because they are very small compared to the reactances of segments and branches at 50 Hz. It is assumed that the characteristics of all thyristors and fuses are uniform. In consideration of dimensions and relative locations of segments and branches as well as current distribution in segments and branches, an apparent conclusion can be drawn: ψ 3 > ψ 1 . As a result, the current of branch B1 will increase from the assumed equal current, while that of branch B3 will decrease until ψ 3 = ψ 1 . Thus i B1 > i B3 , unbalanced currents occur.
Inductance matrixes of bridge arm
Since the inductances of busbar segments and branches greatly influence the current sharing, these inductances must be calculated so as to optimize the arm structure and improve current sharing. The self inductances and mutual inductances of 12 busbar segments compose a 12×12 matrix, and those of parallel branches compose another 12×12 matrix. As for mutual inductances between busbar segments and parallel branches, they will be ignored in calculations and analysis because they are perpendicular to each other. As shown in Fig. 2 , the busbar segments are all regular cuboids. The parallel branches can also be cut into cuboid segments approximatively, without changing their dimensions and relative locations, as shown in Fig. 3 . The self inductances and mutual inductances can be obtained using Eqs. (3) and (4) [9−11] below.
(4) Here, s: sectional area of conductor to be calculated self inductance; s 1 , s 2 : sectional areas of two coupling conductors.
The integration ranges are shown in Fig. 4 .
Fig.4 Integration ranges of inductance calculation
As shown in Fig. 3 , each branch is divided into 3 segments. The inductance matrix of all these branch segments is a 36×36 matrix. Based on the self inductance and mutual inductance of 3 branch segments, the self inductance of branch can be calculated according to Eq. (5) [8] , similarly, the mutual inductance between two branches can be calculated according to Eq. (6) . Therefore the inductance matrix of parallel branches can be obtained, another 12×12 matrix.
The calculation of inductance matrixes is carried out with MATLAB. As a result, the inductance matrixes and the flux linkages of the 12 circuits shown in Fig. 2(b) can be obtained. Meanwhile, the resistances of busbar segments and branches are also calculated in a similar way as inductances. Changing the arm structure and adjusting the dimensions of busbars and branches, and then repeating the calculations above, the relationship between arm structure and current sharing can be acquired. Thus the principles to optimize the arm structure can be concluded as:
(a) Lengthening conductors of outer branches; (b) Shortening the distance between parallel branches; (c) Shortening the distance between fuse busbar and thyristor busbar; (d) Increasing sectional areas of fuse busbar and thyristor busbar.
Design of bridge arm
On the basis of the conclusion drawn in section 2.2, two structures of bridge arm have been designed, as shown in Fig. 5 . In the structures, longer outer branches are chosen; the sectional area of busbars becomes larger; the distance between branches and that between busbars become shorter. Using the method given in section 2.2, the inductance matrixes and resistances of arm components in the two structures can be extracted. ABB 5STP 52U5200 and Bussmann 170M8064 are chosen as thyristors and fuses, respectively. Aluminum alloy 6101-T6 is used as conductor material. All electrical parameters of the converter bridge are substituted in the circuit of the PFCU and simulated by ANSYS Simplorer. In the simulation, all influencing factors except arm structure are neglected. The simulation results of the two structures are provided by Fig. 6 . The maximal current unbalance factor of structure 1 is 1.17, and that of structure 2 is 1.24, both satisfying the design requirement on current sharing of PFCU converter bridges. 4 Test results of bridge arm prototype
The prototype of bridge arms has been fabricated following the CAD models illustrated in Fig. 5 , as shown in Fig. 7 . Current sharing tests have been performed on it to verify the design.
Fig.7 Prototype of bridge arms
Current waveforms in the current sharing tests are given in Fig. 8 , while the current sharing of both structures are shown in Fig. 9 . Testing results indicate that the two structures of bridge arm have much better current sharing performance than the original model, and both can meet the current sharing requirement. However, the current sharing is also influenced by other factors, such as characteristic uniformity of semiconductors and fuses, contact resistances between arm components, and trigger signals. Although these influencing factors have been weakened in the current sharing tests, the test results are still affected by them.
(a) Current sharing of structure 1, (b) Current sharing of structure 2 Fig.9 Current sharing of the prototype
Conclusions
a. Non-cophase counter parallel connection has many advantages compared to other structures of bridge arm. The present optimized structures of bridge arm prototype can satisfy the current sharing requirement of PF converter bridge well.
b. The method based on inductance matrixes is a very effective tool to analyze the distributed parameters of the bridge arm and improve the current sharing performance.
c. Although influencing factors except for arm structure are weakened in the prototype, they still influence the current sharing in the tests.
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